A strain of Burkholderia cepacia isolated by enrichment culture utilized L-2-amino-3-phosphonopropionic acid (phosphonoalanine) at concentrations up to 20 mM as a carbon, nitrogen, and phosphorus source in a phosphate-insensitive manner. Cells contained phosphoenolpyruvate phosphomutase activity, presumed to be responsible for cleavage of the COP bond of phosphonopyruvate, the transamination product of L-phosphonoalanine; this was inducible in the presence of phosphonoalanine.
Ireland), a laundry waste disposal lagoon (Summit Lake, Wis.), and a sheep dip disposal site (County Antrim, Northern Ireland). All sites were known to have a history of exposure to organophosphonates. Cultures were incubated at 28°C on an orbital shaker at 100 rpm. Microbial growth was measured by the increase in optical density at 650 nm (OD 650 ) using a PyeUnicam 8265 UV-visible light spectrophotometer (Pye-Unicam Ltd., Cambridge, United Kingdom). Release of inorganic phosphate and ammonium into culture supernatants was monitored by the methods of Fiske and SubbaRow (7) and Weatherburn (30) , respectively.
Three gram-negative isolates, each capable of growth on 8 mM DL-phosphonoalanine as a carbon, nitrogen, and phosphorus source were obtained following five rounds of serial enrichment. Of these, isolate Pal6 grew most quickly on phosphonoalanine and was chosen for further investigation. It was identified by the National Collection of Industrial and Marine Bacteria Ltd., Aberdeen, Scotland, as a strain of Burkholderia cepacia.
When DL-phosphonoalanine (8 mM) was supplied as a carbon, nitrogen, and phosphorus source for growth of B. cepacia Pal6, some 47% of substrate phosphorus and 44% of substrate nitrogen was released concomitantly with growth as P i and ammonium (results not shown). When the compound was supplied as the sole phosphorus source (Fig. 1) , transient release of approximately 30% of substrate phosphorus to the medium as P i was observed; this phenomenon has not previously been reported for the utilization of any organophosphorus compound as a phosphorus source. When B. cepacia Pal6 was grown on DL-phosphonoalanine as a nitrogen and phosphorus (Fig. 2) or nitrogen source, removal of 50% of phosphonoalanine from the medium was demonstrated by the method of Moore and Stein (18) , along with release of just less than 50% of substrate phosphorus as P i . A subsequent experiment in which the D-and L-enantiomers were separately supplied as sole sources of phosphorus indicated that only L-phosphonoalanine supported growth of B. cepacia Pal6. It is therefore clear that the catabolism of L-phosphonoalanine by this isolate is independent of the phosphate status of the cell, a marked departure from the many examples of classical pho reguloncontrolled biodegradation of organophosphonates reported in the literature (26, 27) .
B. cepacia Pal6 was grown on a range of DL-phosphonoalanine concentrations as carbon and nitrogen source in the pres-ence of 1 mM inorganic phosphate. The cell yield was proportional to the concentration of phosphonoalanine supplied up to 20 mM, the highest concentration tested, again with release of less than 50% substrate phosphorus and nitrogen to the medium (results not shown), indicating no toxicity on the part of either the substrate or its breakdown products at these concentrations.
In addition to phosphonoalanine, B. cepacia Pal6 was able to utilize 6 of 14 organophosphonate substrates supplied as the sole phosphorus source (Table 1) ; however, with the exception of 2-aminoethylphosphonic acid (2AEP), no phosphate release was observed during growth on these compounds, suggesting classical pho regulon control of their biodegradation and the involvement of a COP lyase(s) or similar enzymes. B. cepacia Pal6 was also capable of growing on 2AEP as a carbon, energy, nitrogen, and phosphorus source, with concomitant release of excess phosphorus and nitrogen to the medium as inorganic phosphate and ammonium, respectively. It did not utilize any of the other phosphonates tested as the carbon and/or nitrogen and phosphorus source. The metabolism by B. cepacia Pal6 of 2AEP as a carbon, nitrogen and phosphorus source suggests that a phosphate-deregulated pathway is also responsible for the mineralization of this compound.
No in vitro cleavage of the COP bond of phosphonoalanine was detected in cell extracts of B. cepacia Pal6 grown on the compound, nor did such extracts contain detectable phosphonatase or phosphonoacetate hydrolase activities when assayed by the methods of La Nauze et al. (12) and McMullan and Quinn (16) , respectively. The only other documented enzyme capable of in vitro-detectable COP bond cleavage is phosphoenolpyruvate phosphomutase, which catalyses the reversible intramolecular rearrangement of phosphonopyruvate to phosphoenolpyruvate (PEP); it has been implicated in the utilization of phosphonoalanine as the sole phosphorus source by Pseudomonas gladioli B-1 (19, 20) . The initial step in this catabolic pathway is the transamination of phosphonoalanine to phosphonopyruvate (20) ; no such activity was detected in cells of B. cepacia Pal6 grown on phosphonoalanine. However, extracts prepared from D,L-phosphonoalanine-grown cells did indeed contain PEP phosphomutase activity when assayed by the method of Nakashita et al. (19) ; this was inducible above a basal level (some 17% of the maximum) in the presence of DL-phosphonoalanine. The induction of PEP phosphomutase activity in resting cells of B. cepacia Pal6 pregrown on complete mineral salts medium and resuspended (1 g of cells/50 ml) with DL-phosphonoalanine as a sole carbon, nitrogen, and phosphorus source is shown in Fig. 3 .
PEP phosphomutase activity in cell extracts was obtained only when phosphonopyruvate was supplied as a substrate, 1), was less than 20% of that of the positive control containing 1 mM inorganic phosphate. Results are means of duplicates which on no occasion varied by more than 5%.
b 2AEP was also metabolized as the sole carbon, nitrogen, and phosphorus source.
with no activity being observed in the presence of phosphonoalanine, 2AEP, phosphonoacetaldehyde, or phosphonoacetate. No activity was obtained in the control assays lacking either cell extract or phosphonopyruvate. That this activity is responsible for cleavage of the COP bond of phosphonoalanine cannot be definitely confirmed, however, in the absence of a mutant strain of B. cepacia Pal6 deficient in PEP phosphomutase activity. It is unlikely, given the previously demonstrated involvement of PEP phosphomutase in the utilization of phosphonoalanine by P. gladioli B-1 as the sole phosphorus source (19, 20) , that the enzyme is merely gratuitously induced by phosphonoalanine in B. cepacia Pal6. Moreover, the hypothesis that PEP phosphomutase is responsible for the cleavage of the COP bond of phosphonoalanine via a phosphonopyruvate intermediate is also strengthened by the fact that activity of none of the existing known COP bond-cleaving enzymes was obtained in cell extracts of B. cepacia Pal6.
As cells of B. cepacia Pal6 grown on mineral salts supplemented with carbon, nitrogen, and phosphorus sources in the absence of phosphonoalanine were observed to have relatively high levels of constitutive PEP phosphomutase activity (Fig. 3) , it was considered likely that the organism, like P. gladioli B-1, would also be capable of producing a COP bond-containing compound. A sample of broth was taken prior to inoculation and again following 24-h growth of B. cepacia Pal6 on complete medium containing 5 mM inorganic phosphate as the sole source of phosphorus.
31 P-labeled nuclear magnetic resonance spectra were obtained for both samples (19) , and a new signal, with a shift relative to inorganic phosphate of 13.20 ppm, was observed in the 24-h sample. The experiment was repeated, with identical results. The shift obtained for the unknown compound was similar, but did not correspond, to those shifts obtained for 2-phosphonoacetaldehyde (5.55 ppm), phosphonopyruvate (6.40 ppm), 2-aminoethylphosphonate (15.90 ppm), or phosphonoalanine (14.03 ppm). The appearance of this additional resonance thus suggests the production of a COP bond-containing compound and is further confirmation of the presence of PEP phosphomutase activity in B. cepacia Pal6.
The phosphonoalanine biodegradation pathway in B. cepacia Pal6 would appear to be different from that described for both rats and Tetrahymena (8) . In cell-free preparations from these organisms, phosphonoalanine biodegradation was shown to involve a deamination to phosphonopyruvate, which is converted by decarboxylation to 2-phosphonoacetaldehyde, followed by either dephosphonylation or amination of the aldehyde to give acetaldehyde or 2AEP, respectively (8) . In B. cepacia Pal6, PEP produced by the intramolecular rearrangement of phosphonopyruvate by PEP phosphomutase would readily enter intermediary metabolism, serving as a carbon and phosphorus source with excess phosphorus being excreted as P i .
The isolation of three different phosphonoalanine-degrading microorganisms by enrichment culture suggests that this ability may be relatively common in the natural environment. Phosphonoalanine is a biogenic organophosphonate; it is therefore unsurprising that microbial systems for its effective utilization exist. In addition to being capable of producing a COP bondcontaining compound, B. cepacia Pal6 is the first microorganism reported to mineralize the L-enantiomer of phosphonoalanine and joins a growing number of reports of microorganisms capable of deregulated scission of the COP bond of organophosphonates.
